Abstract. The perturbation of the sulfate surface area density in the tropopause region and the lower stratosphere by subsonic and supersonic aircraft fleets is examined. The background aerosol surface area, the conversion of fuel sulfur into new sulfate particles in aircraft plumes, and the plume mixing with ambient air control this perturbation. Results from an analytic expression for the surface area changes are presented which contains the dependences on these parameters and can be employed in large-scale atmospheric models.
Introduction
Aviation-produced aerosols perturb the aerosol layer at cruising altitudes by increasing existing particle surface area and number concentrations. This perturbation might lead to enhanced chemical processing and influence cirrus cloud formation. While only little is known about heterogeneous chemistry and ice formation occuring during the decay of individual aircraft plumes [Brasseur et al., 1998 ], an estimate exists for the aerosol surface area increase -after plume dispersion -due to H2SO4/H2O particles produced by a planned fleet of supersonic aircraft [Danilin et al., 1997] . This estimate has been used as an input for global chemical models to assess the impact on stratospheric ozone [Weisenstein et al., 1998 ]. However, Danilin et al. [1997] only considered the special case of particles from the Concorde aircraft and did not discuss how the perturbation is influenced by the variability of background aerosol concentrations, soot emissions, and other parameters. Their calculated unimodal size distribution of the new aerosols has been shown to be inadequate to explain this and other field observations [Yu and Turco, 1997; Yu et al., 1998 ]. We go one step further and present a systematic investigation of the sulfate aerosol perturbation as a result of scavenging processes between the different particle types present in decaying aircraft plumes (except contrails).
Model Description
Average plume decay time. We first derive a simple expression for the average decay time of a single plume t l before this plume interfers with the one generated by the next aircraft. Assuming within t l a spatially homogeneous distribution of airplanes in a given volume (i.e., a flight corridor or a grid box of an atmospheric model), the average flux density of aircraft reads φ =Np/AFC, wherē Np is the average number of planes flying through the vol-1 DLR Institut für Physik der Atmosphäre, Wessling, Germany 2 Max-Planck-Institut für Chemie, Mainz, Germany Copyright 1998 by the American Geophysical Union.
Paper number 1998GL900183. 0094-8276/98/1998GL900183$05.00 ume per unit time and AFC is the cross section of the volume. The choice of the volume and thus ofNp and AFC can be based on the spatial scales of grid boxes in mesoor global-scale models. Our assumption implies that any aircraft-induced perturbation is homogeneously distributed throughout the whole volume and at any cross section of the volume. (For illustration, AFC = 2000 km 2 for the North Atlantic flight corridor (NAFC). Values forNp are given in Table 1 .) The increase of the plume cross section Ap due to mixing with ambient air during this period can be approximated by Ap(t) = Ap0(t/t0) α , where Ap0 is the cross section at the initial time t0, chosen to be 10 s, and α is the constant mixing parameter [Schumann et al., 1998 ]. Thus the number of planes crossing an indiviual plume within a certain time span t − t0 is given by Np(t) = 
1/(1+α) . Our approach is to parametrize the first order disturbance of background aerosol (via the addition of new particles) yet unaffected by aircraft emissions. As a second order effect, transport of the aerosol perturbation out of the source regions in large-scale models requires special attention.
Particle scavenging processes. Brownian coagulation and scavenging controls the microphysical evolution of particles in dispersing plumes [Kärcher, 1997; Danilin et al., 1997] , affecting specific surface area A, number concentration N, and mean diameter D of the particles. Aviation-produced aerosols include exhaust soot particles (mode s) and two nmsized liquid particle modes, the larger of which (i) originates from chemi-ions emitted by the jet engines [Yu and Turco, 1997] . The smaller mode (n) is associated with electrically neutral H2SO4/H2O clusters. Background particles (mode b), assumed to be sulfate aerosols, become entrained into the plume shortly behind the aircraft. Figure 1 depicts these size distributions schematically, estimated on the basis of observations and simulations ].
Our goal is to calculate the sulfate aerosol surface area of the exhaust particles ∆A -relative to the background value A b -after t l . Ion effects on coagulation rates are unimportant for plume ages exceeding 10 s, but they largely determine the mean sizes of modes n and i in concert with available H2SO4 formed from oxidation of fuel sulfur. The available H2SO4 follows from the conversion fraction η defined as the molecular ratio [H2SO4]/[S]. We consider scavenging losses of these particles by soot and by background aerosols; see arrows n, i → s and n, i → b in Figure 1 . Particles from modes n and i undergo self-coagulation due to their relatively high abundance in the plume (paths n → n and i → i; see closed arrows). The arrow n → i indicates the key growth path of particles in mode i at the expense of particles from mode n, which rapidly decays in the plume. Although in some cases An can be comparable to Ai at t l , we neglect An and thus obtain lower limit changes ∆A = Ai. a The total specific surface area of a log-normal mode is given by A = πD 2 N exp(2 ln 2 σ). b For subsonic aircraft cruising in the tropopause region around 240 hPa and at 220 K. Annually-averaged number of aircraft in the NAFC in 1997 from market analysis including charter and scheduled passenger services (T. Higman, Boeing Company, Seattle, WA, personal communication). Background aerosol size distributions at the tropopause are often found to be bimodal in the size range 0.01 − 1 µm, and are more variable and less well-known than in the lower stratosphere.
c For planned supersonic aircraft (Mach 2.4) in the lower stratosphere (60 hPa, 210 K). Calculated annually-averaged number of aircraft in the NAFC. Assumed fleet size: 1000 aircraft. (T. Higman, personal communication).
Initial values (at t0 = 10 s) also include: Dn0 = 0.65 nm, Ni0 = 2 × 10 17 /kg fuel, σn = σi = 1.3 Yu et al., 1998 ], σs = 1.5, σ b = 1.8. The values of n b , D b , and Ds are held constant. Di0 (∼ 4 − 5 nm)is parametrized as a function of the emission index guided by observations and model results, as are the values for the soot and sulfur emission indices EIs and EI(S) and the S-to-conversion fraction η. EI() yields Nn0 because per definition, EI() ∝ η EI(S). The dilution ratio at t0 is set to 0.002 (0.005) in the subsonic (supersonic) case.
To limit the scope of this work, we do not discuss the additional enhancement of A b due to mode s (although it is calculated by the model).
We make use of a simplified approach where the particles are represented by log-normal modes with time-dependent N and D values, but fixed standard deviations σ. Collision kernels are taken from Fuchs [1964] , averaged over the respective log-normal distributions, and constrained by comparisons with results obtained from a full coagulation model ]. All particle concentrations (except for mode b which is already fully mixed into the plume at 10 s) additionally decrease due to plume mixing at a rate α/t. Equations similar to those discussed by Kärcher [1997] are solved numerically for Nn , Ni , and the respective particle volumes Vn and Vi (V = πD 3 N exp(4.5 ln 2 σ)/6). Together with the dilution equation for Ns, these solutions permit the computation of the new particle sizes needed to update the collision kernels after each time step. During the plume lifetime, temperature, pressure, and humidity in the air parcel encompassing the plume are assumed to stay constant. The parameters required to initialize the calculations are compiled in Table 1 .
Analytic solution. Inspection of the scavenging timescales τ reveals that the evolution of Vi is controlled by the route n → i and that Ni is mainly influenced by mixing and only to a minor degree by the pathways i → i, s, b. On this basis, we have derived an analytic solution for the number, surface area, and volume density perturbations, the mean diameter of the H2SO4/H2O particles, and τ (i → b) at t l , which is discussed below together with the numerical mode solutions. Figure 2 shows the perturbation of the background surface area density ∆A/A b as a function of A b (a), η (b), α (c), and emission index of soot EIs (d). When one variable is varied within its range (see Table 1 ), the others are set equal to their default values.
Aerosol Surface Area Perturbation
The results displayed in Figure 2a underline the important role of A b in determining the potential of an aircraft fleet to perturb the aerosol layer. Generally, for values A b lower than about 10 µm 2 /cm 3 , surface area increases become substantial (> 1 %, see region to the right of the vertical line). This is caused by progressively increasing scavenging rates which reduce the concentrations of the new liquid particles during t l . The operation of supersonic aircraft is expected to perturb the lower stratospheric aerosol layer (bar LS) within an average range of several tens of percent. If the stratosphere is perturbed by a strong volcanic eruption (bar LSv), the aircraft impact will be considerably reduced. In contrast, the properties of aerosols in the tropopause region are much more variable (bar TP), so perturbations from the subsonic fleet may or may not become relevant, mainly depending on the seasonal and regional variations of ambient condensation nuclei (CN).
These findings are not inconsistent with observed regional CN enhancements of 5 − 13 % caused by subsonic aircraft [Hofmann et al., 1998 ]. It is likely that not all of the ultrafine aviation aerosols have been detected (Di the total surface area exceeds Di and may actually be larger than 20 nm. Therefore, the above change attributed to CN is perhaps more representative for the change in surface area and thus comparable to our results. Figure 2b shows the dependence of ∆A/A b on η, or the sulfur emission index EI(S). The perturbation rapidly diminishes for low η values (< 5 %) because the new particles stay small (Di < 7 nm) and thus become quickly scavenged by the background aerosols. The new aerosols grow to larger sizes (Di > 12 nm) at higher η values (> 15 %), which reduces their effectiveness to increase A b . Given the range of perturbations when η is varied, it is essential to have detailed knowledge of S-to-H2SO4 conversion processes in the plume.
The conceptual picture based on the bimodal distribution generated by chemi-ions, shown as n and i in Figure 1 , yields ∆A/A b = 8 % (53 %) for η = 2 % (20 %) (Figure 2b ) and also explains the Concorde in-situ data for η = 20 % [Yu and Turco, 1997 ]. In our model less conversion is required to cause the same surface area change and a much weaker dependence of this change on η is obtained compared to the previous approach [Danilin et al., 1997] .
The dilution of particle concentrations due to plume mixing with ambient air is controlled by diffusion and wind shear, the variability of which approximately translates into the range of α shown in Figure 2c . Slower mixing (α < 0.8) leads to larger perturbations because the new aerosol concentrations decrease less rapidly. According to the results shown, it is desirable to estimate the level of atmospheric turbulence to constrain α.
The scavenging rates of soot are largest in the early plume and rapidly diminish as the soot particles become diluted. According to the small changes introduced by varying the soot emission index EIs (or Ds) (Figure 2d ), the soot surface areas are too low to substantially reduce the aerosol mass residing in the liquid modes.
The variations around the default cases shown in Figures 2b-2d suggest that supersonic aircraft yield about two times larger surface area increases than subsonic aircraft. However, the ranges of ∆A/A b induced by variations of A b may even be larger than the difference between the subsonic and supersonic case (Figure 2a ). Hence to accurately simulate the large-scale perturbation of the aerosol layer it is crucial to prescribe a reliable background aerosol climatology in global models.
Summary and Implications
Current and future aircraft fleets can significantly perturb the aerosol layer at cruising altitudes in terms of enhancements of the areal (and number) density of sulfate aerosols in non-volcanic periods in the lower stratosphere and at times in the vicinity of the tropopause. Condensation processes which have not been considered here could further increase the size of the new particles and thus alter the associated perturbation. While one might expect only a small contribution to growth from H2SO4 condensationthe lifetime of the rate-limiting gas phase reaction of SO2 with OH to form H2SO4 is longer (> 1 − 2 weeks) than the plume decay time (1 − 2 days for the NAFC) -the contribution of possible other condensation or aqueous phase growth mechanisms has not yet been fully explored.
The enhancement of the total sulfate surface area available for heterogeneous chemical reactions will lead to enhanced activation of chlorine and subsequent ozone depletion in the stratosphere. The small (∼ 5 − 15 nm), new H2SO4/H2O particles have lower mass fractions of H2O than the background particles (by up to 4 %) due to an increased H2O saturation vapor pressure over the curved surface. This may slightly reduce the potential of the new particles to activate chlorine, because heterogeneous reaction rates decline exponentially with increasing acidity of the liquid droplets. On the other hand, additional heterogeneous processing may occur on the scale of the plume due to enhanced H2O levels and the much higher surface areas available [Kärcher, 1997] . Both effects have not yet been considered in global chemical models.
In the cases where the surface area changes are relevant, the analytic, non-iterative solution does not deviate more than 20 % from the corresponding numerical solutions. It would be interesting to investigate how the variability of the controlling parameters A b , η, α, and EIs translates into the impact of aircraft on atmospheric ozone in global-scale simulations.
